The homeobox transcription factor orthodenticle homeobox 2 (OTX2) plays a critical role in very early neurogenesis, but can become oncogenic when aberrantly expressed later in life. We previously discovered its novel oncogenic role in the malignant childhood brain tumor medulloblastoma and hypothesize an oncogenic role in retinoblastoma. Primary retinoblastoma tumors and cell lines were analyzed by quantitative-PCR, immunoblotting and immunohistochemistry for OTX2. The effect of modulating OTX2 expression on tumorigenesis was tested pharmacologically and by siRNA. A lentiviral shRNA-engineered vector was used for conditional knockdown studies on tumor growth in vivo. A luciferase reporter assay was used to analyze ATRA's effect on OTX2's promoter. In this study on retinoblastoma, OTX2 was frequently amplified and/or overexpressed in primary tumors and cell lines. Knockdown of OTX2 expression by siRNA or pharmacologic inhibition by all-trans retinoic acid (ATRA) repressed OTX2 expression and cell proliferation and significantly decreased tumor growth in vivo. Loss of OTX2 expression also resulted in decreased expression of C-MYC and CRX, genes previously implicated in retinoblastoma tumorigenesis. Loss of OTX2 expression increased the phosphorylation of RB, a potential mechanism of modulating cell proliferation. Aberrant expression of OTX2 may contribute to the development of retinoblastoma. OTX2 may serve as a common transcription factor that interlinks multiple tumordriving pathways. These results also show that OTX2 can be genetically and pharmacologically targeted, providing an exciting new therapeutic option that may be less toxic and more efficacious than current treatments.
Introduction
Retinoblastoma is the most common malignant intraocular tumor in children, typically occurring before 5 years of age (1, 2) . Retinoblastoma affects ~1 in 18,000 children and can become fatal if left untreated (1, 3, 4) . The tumor is often initiated by the biallelic loss of the retinoblastoma tumor suppressor gene (RB1) and progresses quickly by accumulating additional genetic lesions and/or epigenetic changes in key cancer pathways (3) . Surgery is typically the initial treatment followed by non-specific radiotherapy and/or chemotherapy. There are no current therapies that specifically target a unique molecular defect intrinsic to retinoblastoma. The non-specific radio-and chemotherapy treatments can have side effects including cognitive decline and secondary malignancy, which is especially worrisome in such a young susceptible patient population (5) (6) (7) . Approximately 1% of patients with retinoblastoma in both eyes develop second non-ocular tumors each year and the cumulative probability of death from these secondary malignancies is 26% at 40 years after diagnosis (8, 9) . In order to identify prognostic factors and develop more efficacious and safer treatments, a better understanding of the complex genomic and proteomic regulatory pathways that control the development of retinoblastoma is needed. Targeted chemotherapeutical agents personalized to specific tumor biology have the tremendous potential to be more clinically effective with less toxicity.
We previously identified the oncogene orthodenticle homeobox 2 (OTX2) in the malignant childhood brain tumor medulloblastoma (10, 11) . OTX2 is a member of the highly conserved family containing the bicoid-like homeodomain transcription factors that control the developmental programs underlying brain morphogenesis and plays a role in tumorigenesis if aberrantly expressed later in life (12) . This gene is expressed in the metencephalon (cerebellum precursor), diencephalon (thalamus and pineal gland precursor) and developing eye. OTX2 is also expressed in the developing retinal pigment epithelium (RPE) of the orbit (13) . OTX2 is clearly important to the development, maturation and function of retinal cells. It is expressed in retinal photoreceptor and bipolar precursor cells (14, 15) . The cell of origin for retinoblastoma is speculated by some to reside in the RPE. Serial Analysis of Gene OTX2 is a therapeutic target for retinoblastoma and may function as a common factor between C-MYC, CRX, and phosphorylated RB pathways (10, 11) . With genome-wide expression analysis, we identified genomic amplification and overexpression of OTX2 in medulloblastoma (10) . A positive correlation of OTX2 overexpression with aggressive tumor behavior (e.g., anaplasia) and worse patient survival was also evident (11) . To demonstrate its oncogenic ability, we showed that overexpression of OTX2 in non-tumorigenic cells produced tumors (11) . Additionally, OTX2 regulates the medulloblastoma oncogene MYC (11) . These results suggest that OTX2 plays a role in initiation and maintenance of a large subset of tumors and thus represents a promising specific therapeutic target.
Interestingly, three different malignant tumors (pineoblastoma, retinoblastoma and medulloblastoma) can occur in the same individual (16) (17) (18) . The well-known syndrome of trilateral retinoblastoma includes inherited unilateral or bilateral retinoblastoma along with pineoblastoma, but reports of concurrent medulloblastoma have also been seen (16) (17) (18) . Interestingly, OTX2 controls the cell fate of photoreceptor and pineal gland cells (14) , suggesting a potential common cause of tumors in these tissues. Because of the ontogenetic relationship of the common expression of OTX2 in the developing precursor tissues to these adult structures, the strikingly common histological appearance of these tumors and common genetic aberrations (16, (19) (20) (21) , we hypothesize that OTX2 may serve a similar oncogenic role in retinoblastoma.
Materials and methods
Tissue samples. Retinoblastoma cell lines Y79 and WERI were purchased from American Type Culture Collection (ATCC) (Manassas, vA, USA). Medulloblastoma cells lines D425MED, D581MED and D324MED were obtained from the Duke Preston Robert Tisch Brain Tumor Center Biorepository. Acquisition of tissue specimens was approved by the Duke University IRB (#Pro00008208) and done in accordance with hIPPA regulations.
Cell culture. D425MED was selected as an OTX2-positive control and D581MED/D324MED were selected as OTX2-negative controls based on our prior data (10) . Retinoblastoma cell lines were cultured using RPMI-1640 medium with 10% FBS (Life Technologies; Grand Island, NY, USA), while medulloblastoma cell lines were cultured using a stock solution of 1X zinc option, hEPES and sodium bicarbonate (Life Technologies). Cells were maintained at 5% CO 2 and 37˚C.
Serial analysis of gene expression data analysis. The serial analysis of gene expression (SAGE) data were obtained from the National Center for Biotechnology Information Cancer Genome Anatomy Project repository (http://cgap.nci.nih.gov/ SAGE). The presence of OTX2 SAGE tags in a total of 157 tumors and 54 normal human tissues was identified by using the SAGE Anatomic viewer.
Quantitative real-time PCR. Q-PCR (Bio-Rad, hercules, CA, USA) was used to determine OTX2 copy number changes between normal human DNA and retinoblastoma primary tumors or cell lines. Genomic DNA was isolated by DNeasy Blood & Tissue kit (#69504; Qiagen, valencia, CA, USA) from 6 primary tumors (Rb1-6), cell lines Y79 and WERI, D425MED (positive control) and D581MED (negative control). Line 1 was used to normalize DNA content.
Immunohistochemistry. Immunohistochemistry (IhC) was used to evaluate protein expression and relationship with cellular morphology on primary and mouse xenograft tumors. For IhC, 5-µm paraffin-embedded tumors were obtained, deparaffinized by xylene and hydrated with a series of graded alcohols. The sections were then washed with distilled water and incubated in citrate buffer. hydrogen peroxide (0.3%) was used to block endogenous peroxidase activity. Sections were blocked with 1% bovine serum albumin (BSA) and 20% mouse serum (#M5905, Sigma-Aldrich, St. Louis, MO, USA) in PBS. The sections were then screened with anti-OTX2 antibody at 1:200 (#MAB1979, R&D Systems, Minneapolis, MN, USA) overnight at 4˚C, followed by HRP-conjugated anti-goat secondary antibody at 1:200 (#A8919, Sigma-Aldrich) for 1 h at room temperature.
Immunoblotting. Immunoblotting was used to detect the expression levels of OTX2, MYC, CRX and phosphorylated RB (pRB). Per standard protocol, 50 µg cell protein isolates were prepared, denatured by heating at 97˚C for 7 min, loaded on to polyacrylamide gels, electrophoresed at 180 v 45 min and transferred to a nitrocellulose membrane at 15 v for 30 min (Bio-Rad). Membranes were blocked with 5% non-fat milk and probed using primary antibodies (anti-OTX2, 1:5,000, MAB1979, R&D Systems; anti-GAPDh, 1:3,000, #sc-365062, Santa Cruz Biotechnology, Santa Cruz, CA, USA; anti-MYC, 1:1,000, #9402, Cell Signaling Technology, Danvers, MA, USA; anti-CRX, 1:1,000, #C7498, Sigma-Aldrich; anti-pRB, 1:1,000, #9308, Cell Signaling Technology) overnight at 4˚C with gentle shaking. Subsequently, membranes were washed and probed with the appropriate hRP-conjugated secondary antibodies (OTX2 needed anti-goat, 1:5,000, Invitrogen, Carlsbad, CA, USA; GAPDh/MYC/CRX/pRB needed antirabbit, 1:3,000, Santa Cruz Biotechnology) for 1 h at room temperature with gentle shaking. Proteins were visualized with SuperSignal West Femto Chemiluminescent Substrate (#34095, Thermo Scientific, Waltham, MA, USA) by autoradiography.
siRNA inhibition of OTX2. Y79 and WERI cell lines were either transfected with one of the two OTX2-specific siRNAs or with a non-specific scrambled siRNA control (siRNA#1, GGAGGU GGCACUGAAAAUCtt; siRNA#2, GGACACUA AUUCA UCUGUAtt; Ambion, Austin, TX, USA; MISSION siRNA Universal Negative Control, Invitrogen). Transfection was conducted with 100 nM of each siRNA and Lipofectamine 2000 (siRNA to Lipofectamine 2000 ratio of 1:2; #11668-019, Invitrogen). The cells were incubated with the siRNA at 37˚C and harvested at 24, 48, 72 and 96 h to ascertain maximum knockdown by immunoblotting. Seventy-two hours was chosen as the best time-point by immunoblotting, so cells were harvested at that time for assays. For each siRNA, studies were done in triplicate.
Cell proliferation, apoptosis and colony formation assays.
After confirming OTX2 inhibition by immunoblotting, functional in vitro assays were performed. Cell viability and proliferation was measured using the MTT Cell Proliferation assay (#30-1010k, ATCC). After OTX2 inhibition, cells were allowed to grow for 7 days and MTT assay was performed (measured at OD540). Cell density was normalized to untreated cells. Cell apoptosis in response to OTX2 inhibition was measured using the FITC Annexin v Apoptosis Detection kit (#556547, BD Pharmingen, San Diego, CA, USA), normalized to untreated cells and analyzed by flow cytometry. For colony formation, treated cells were plated at 5x10 3 in triplicates in 0.5% agarose-coated 24-well plates and the number of colonies was counted at 2 weeks.
Pharmacologic inhibition of OTX2. All-trans-retinoic acid (#302-79-4, ATRA, Sigma-Aldrich) in DMSO (#D8418, SigmaAldrich) at various concentrations (0, 0.5, 2, 5 and 10 µM) was added to the cells. Time experiments were done to ascertain maximum reduction in OTX2 expression by immunoblotting. Maximum reduction in OTX2 expression was obtained after 72 h. Similar functional assays were done in triplicate.
Conditional knockdown of OTX2 for in vivo studies.
Using the open reading frame of OTX2 from GenBank (http://www. ncbi.nlm.nih.gov/genbank/), we designed 2 OTX2-specific and 1 non-specific scrambled shRNA with the Invitrogen BLOCK-iT RNAi Designer (http://rnaidesigner.invitrogen. com/rnaiexpress/). The sequence for shRNA#1 was CGCG TCCCCGCTTGGATTATAAAGATCATTCAAGAGATGAT CTTTATAATCCAAGCTTTTTGGAAAT; shRNA#2 was CGCGTCCCCGAGCTGCACTGAAACTTTATTCAAGAG ATAAAGTTTCAGTGCAGCTCTTTTTGGAAAT; scrambled shRNA was CGCGTCCCCGTATCGGATAATATCAGTAT TCAAGAGATACTGATATTATCCGATACTTTTTGGAAAT (IDT, Coralville, IA, USA). The restriction enzymes MluI and ClaI (#R0198L and #R0197L, New England Biolabs, Ipswich, MA, USA) were used to ligate the gene into pLvThM (#12247, Addgene, Cambridge, MA, USA) cloning vector. MscI and FspI (#R0534M and #R0135L, New England Biolabs) were used to ligate it into the lentiviral construct pLvCT-tTR-KRAB (#11643, Addgene), which contained a green fluorescent protein (GFP) tag and a Tet-on system so that inserts are transcribed in the presence of doxycycline. hEK293 cells (#CRL-1573, ATCC) were transfected with the lentiviral vector, the packing plasmid psPAX2 (#12260) and the envelope plasmid pMD2.G (#12259, Addgene) to make viral particles. Lentiviral particles were collected and concentrated (Amicon Ultra centrifuge filter, Millipore, Billerica, MA, USA). Y79 and WERI were infected with lentiviral particles of each shRNA (2 µl of the virus per 2x10 5 cells). After 24 h of incubation, the cell media was changed and cells were allowed to grow for 5 days. Fluorescent microscopy confirmed GFP expression.
OTX2 promoter assay. hEK293 cells were plated in 24-well plates with 4x10 5 cells per well the day before transfection. These cells were confirmed not to have OTX2 expression by immunoblotting. The next day, the medium was changed by adding different doses of ATRA from 0, 0.5, 2, 5 and 10 µM in triplicates. Plasmids pGL3-enhance-OTX2 and pRL-CMv were co-transfected into hEK293 cells by Lipofectamine 2,000 per protocol. Forty-eight hours later, cells were harvested and analyzed by dual luciferase reporter assay system (#E1910, Promega, Madison, WI, USA).
In vivo tumor growth. Once a conditional knockdown system with shRNA was successfully established and confirmed via immunoblotting, the infected cells were harvested, washed by phosphate buffer saline and injected into mice to create a xenograft model for in vivo tumor growth studies. 
Results

OTX2 has high expression in retinoblastoma, minimal expression in normal retina and no expression in other normal
tissues. In order to examine OTX2 expression, we evaluated OTX2 transcript levels by SAGE data mining of 10 libraries obtained from normal adult human tissues and tumors (http:// cgap.nci.nih.gov/SAGE). The data revealed an average tag density of 22 for retinoblastoma, compared to an average tag density of 5.7 for normal retina. Consistent with SAGE analysis, quantification of OTX2 mRNA by Q-PCR showed minimal expression in adult retina, no detectable expression in other normal adult tissues tested and no expression in 18 adult glioblastoma multiforme tumors (data not shown) (10).
OTX2 is overexpressed in primary retinoblastoma tumors and cell lines. OTX2 overexpression was seen in 86% (19/22) of primary adult retinoblastoma tumors tested (Fig. 1A) . high expression (Fig. 1B , representative tumor with >2 intensity and >50% of cells immunopositive) was seen diffusely throughout the entire tumors and did not correlate with any specific histological features including rosettes, vascularity, or necrosis. OTX2 was robustly overexpressed in Y79 and WERI (RB cell lines) (Fig. 1C) . D425 and D324 medulloblastoma cells served as previously reported positive and negative controls, respectively. Using Q-PCR, OTX2 amplification was observed in 33% (2/6) of the primary tumors tested (data not shown).
Inhibition of OTX2 causes increased apoptosis and decreased proliferation in retinoblastoma cell lines.
After 72 and 96 h of exposure to siRNA specific for OTX2, there is a significant reduction of OTX2 expression in Y79 and WERI as normalized to scrambled siRNA treated cells (Fig. 2A , * p<0.05). Densitometric analysis confirmed significant reduction in OTX2 with both siRNAs tested (p<0.05). Inhibition of OTX2 Figure 2 . Inhibition of OTX2 via siRNAs causes increased apoptosis and decreased proliferation in retinoblastoma cell lines. (A) Representative immunoblotting for OTX2 and GAPDh shows maximum OTX2 knockdown after 72 h of siRNA exposure for both Y79 and WERI. GAPDh served as housekeeping protein to demonstrate equal protein amounts. Densitometric analysis confirmed significant reduction in OTX2 with both siRNAs tested (p<0.05). (B) OTX2-specific siRNA induces retinoblastoma cell apoptosis. Y79 and WERI were treated with the indicated OTX2-specific siRNAs or scrambled siRNA for 72 h and apoptosis was measured. (C) OTX2 gene knockdown by siRNA decreases cell proliferation. Y79 and WERI was treated with the indicated siRNAs for 72 h and allowed to grow for 7 days. Cell proliferation was then measured with the MTT assay. Asterisks (*) indicate significant differences when comparing each siRNA to the control ( * p<0.05). expression significantly increased the level of apoptosis in Y79 and WERI as compared to no inhibition by scrambled siRNA (Fig. 2B , * p<0.05). When measuring Annexin v levels, we routinely get 2-3% (or <0.1-fold change) apoptosis in our baseline, untreated cells. We also observed a significant reduction in cell proliferation after 7 days in cells treated with OTX2-specific siRNA, whereas minimal effect were seen using the scrambled-siRNA (Fig. 2C , * p<0.05), normalized to untreated cells. Inhibition by two different siRNAs strongly supports specificity on the OTX2 gene. Furthermore, a dosedependent response to siRNA knockdown was demonstrated while selecting the optimal siRNA conditions.
Pharmacologic inhibition of OTX2 causes increased apoptosis, decreased proliferation and colony formation in retinoblastoma cell lines.
We previously demonstrated that ATRA can pharmacologically inhibit OTX2 in medulloblastoma cells (10) . We confirmed that OTX2 is repressed after ATRA treatment in retinoblastoma cells in a dose-dependent manner by immunoblotting (Fig. 3A) . Densitometric analysis confirmed significant reduction (not shown). Inhibition of OTX2 expression with 2 µM ATRA significantly increased cell apoptosis in Y79 (Fig. 3B , * p<0.05). ATRA (5 µM) increased cell death further at which dose this effect appeared to plateau since additional ATRA had similar effect. ATRA (2 µM) also significantly reduced cell proliferation in Y79 (Fig. 3C , * p<0.05). Similarly, 2 µM ATRA significantly reduced colony formation in Y79 (Fig. 3D , * p<0.05). Again, 5 µM had additional effect on colony formation at which dose this effect plateaued. ATRA can target multiple molecular pathways, so we tested the effect of ATRA in cells transfected with a luciferase-driven OTX2 promoter. These cells did not have endogenous OTX2 expression. Fig. 3E shows that ATRA can specifically inhibit the OTX2 promoter in a dosedependent manner, suggesting a direct effect of this agent on OTX2 expression ( * p<0.05).
In vivo inhibition of OTX2 in retinoblastoma xenografts reduces tumor growth and tumor size.
To examine the oncogenic effects of OTX2 in vivo, we used a conditional knockdown strategy in xenograft flank models. We observed significant decreases in tumor growth when OTX2 was suppressed, when compared to controls ( * p<0.05). On average, tumors in the control group had a doubling time of 7 days, while tumors in the knockdown group had a doubling time of 15 days. To illustrate that the difference in tumor growth was mediated through inhibition of OTX2, IhC on tumors showed robust OTX2 expression in controls (80% of cells with an intensity of 2+), while knockdown tumors showed less OTX2 expression (20% of the cells with an intensity of 1+) (Fig. 4B) .
OTX2 inhibition decreases MYC and CRX expression, but increases pRB expression.
To explore possible downstream effects of OTX2 in retinoblastoma, we examined the effects of OTX2 inhibition on the expression of genes previously suggested as OTX2 targets [MYC (11), CRX (22)], or implicated in majority of these tumors [phosphorylated RB (23) ]. OTX2-specific siRNA knockdown in retinoblastoma resulted in the decreased expression of MYC and CRX but the increased expression of pRB by immunoblotting (Fig. 5A) . Densitometry of the immunoblotting revealed that after OTX2 inhibition, the expression of MYC and CRX were decreased by 30% while pRB expression was increased by 40% (Fig. 5B) .
Discussion
Current therapy for retinoblastoma, a malignant intraocular tumor in children, is non-specific and has many consequences. Because enucleation causes irreversible vision loss and because radiation therapy can result in the development of secondary malignancies in this young patient population, there is great interest in developing alternative chemotherapeutic agents as the primary form of treatment (24) (25) (26) (27) . A better understanding of specific genetic alterations in retinoblastoma could offer insight to potential targets for the treatment of this cancer. We recently identified OTX2 as an oncogene for medulloblastoma, another common childhood malignant tumor (10, 11) . OTX2 is a transcription factor that is crucial to the patterning of brain development and early brain morphogenesis, facilitates cell fate in the maturing retina (14, 15) and plays a role in tumorigenesis if aberrantly expressed later in life (12) .
This study shows that the oncogene OTX2, previously demonstrated in medulloblastoma, may also play an important oncogenic role in retinoblastoma and can be targeted. These tumors have distinct characteristics and are typically not grouped together; yet, they do share some histological and genetic features. This study and others have now confirmed OTX2 as being frequently overexpressed in retinoblastoma primary tumors and cell lines, as well as alteration of related signaling networks (Fig. 6) . In a study of 21 hereditary and non-hereditary retinoblastoma patients, Mol et al (28) found OTX2 gain and MYCN gain in non-hereditary tumors. Glubrecht et al (29) saw widespread overexpression of OTX2 and CRX in retinoblastoma tumors and cell lines and suggested a link between these and the retinoblastoma cell of origin. We further these observations by showing that OTX2 can be specifically targeted to reduce tumorigenesis in vitro and in vivo. Further experiments are necessary to clarify how abnormal OTX2 expression may result in the dysregulation of the developmental programs in retinal progenitor cells and cause neoplastic transformation.
It is of great interest that aberrant OTX2 expression affects other pathways implicated in retinoblastoma tumorigenesis (Fig. 6) , suggesting possible mechanisms for initiating or maintaining tumorigenesis and a possible common therapeutic target. CRX encodes for a transcription factor that is crucial to the differentiation of photoreceptor cells (30) . A recent study by Omori et al (22) showed that OTX2 conditional knockout mice exhibited strong downregulation of CRX in the retina and here we show that CRX expression is decreased by specific OTX2 inhibition in retinoblastoma cells. OTX2 can actually directly regulate CRX expression by binding to the cis-regulatory elements in its promoter region (20) . MYC is an oncogene that promotes cell proliferation in many cancers and Mice that were injected with cells infected with OTX2-specific shRNA (OTX2 shRNA treatment group; black line, average data from 2 mice injected with WERI that was separately infected with viral vectors containing OTX2 shRNA#1 and OTX2 shRNA#2; both mice were given doxycycline) developed tumors that were significantly smaller at a significantly later time when compared with mice that were injected with uninfected cells (no shRNA control group; gray line, average data from 3 mice injected with uninfected Y79 and 1 mouse injected with uninfected WERI; all 4 mice were given doxycycline) (p<0.05). (B) Representative IHC staining for OTX2 and control (no primary antibody) in paraffin-embedded mouse tumors (x40). IHC shows robust OTX2 staining when OTX2 is not knocked down (top row) and weak OTX2 staining when OTX2 is knocked down (bottom row). Top row, tumor was obtained from the mouse injected with WERI that was infected with viral vector containing scrambled shRNA; bottom row, tumor was obtained from the mouse infected with WERI that was infected with viral vector containing OTX2 shRNA#2; both mice were given doxycycline.
is a known downstream target of oncogenic OTX2 (11, 31) . Our previous study showed that OTX2 also directly upregulates the expression of MYC in medulloblastoma via cis-regulatory elements in the MYC promoter region (11) . RB is a well-known tumor suppressor gene for retinoblastoma and other cancers that inhibits cell cycle progression and suppresses cell growth (32). Bunt et al (23) showed that OTX2 expression in medulloblastoma cells decreased the levels of phosphorylated RB (pRB). Consistent with this result, our results showed that OTX2 inhibition increased pRB levels in retinoblastoma. Previous studies by others support the possibility that OTX2 regulates the expression of all three genes (11, 22, 23) and it will be interesting to further clarify the role of OTX2 in these signaling networks. As seen here, directly targeting OTX2 or these related factors may be a viable option with siRNA-like strategies. Alternatively, pharmacologic agents that can drive terminal differentiation of tumor cells may have a beneficial impact on curtailing uncontrolled growth of tumors. For example, retinoic acid can drive photoreceptor cell differentiation (33) . It is conceivable that retinoid agents may combat tumorigenesis via multiple mechanisms, e.g., by specifically inhibiting oncogenic factors like OTX2 and at the same time by promoting the expression of differentiating factors in retinoblastoma. In our study, 2 µM ATRA consistently decreased proliferation and colony formation, while increasing cell death. Furthermore, ATRA specifically repressed OTX2 expression at its promoter. Although ATRA and other retinoids may affect multiple molecular pathways, the connection between OTX2 repression and growth inhibition effect of ATRA suggests that OTX2 expressing tumors may be amenable to therapy with minimal doses of retinoids that are less toxic. ATRA is approved clinically for the treatment of acute promyelocytic leukemia, a disease in which another nuclear receptor is a predominant determinant of pathogenesis. Our studies of OTX2, in conjunction with the studies of others, lay the conceptual framework for clinical trials of retinoids and OTX2-specific agents in the treatment of this challenging pediatric tumor. The opportunity to develop new targeted therapeutic agents against retinoblastoma is of great interest. Current treatments of enucleation followed by non-specific adjuvant therapies may cure the tumor, but at grave costs. Loss of vision is universal and the long-term toxicities of these adjuvant therapies on this young patient population can be devastating. More specific agents may be less toxic.
